Abstract -We study the effect of channel coherence on the capacity and energy efficiency of non-coherent fading channels at low SNR. A simple characterization is given, and a new approach is developed, which can be used to study a wide variety of problems for communications over a wideband channel.
I. Introduction
The study of using a large bandwidth to improve the power efficiency in wireless communications dates back to 1960's. Kennedy [1] showed that for a Rayleigh fading channel at the infinite bandwidth limit, the amount of energy required to reliably transmit one information bit is
= −1.59dB, which is the same limit for the AWGN channels. Denote the signalto-noise ration per degree of freedom as SNR, and the corresponding capacity as C(SNR)(nats), this result is equivalent as C(SNR) = SNR − o(SNR). This result applies to both the cases that the instantaneous channel state information (CSI) is/is not available at the receiver, referred as the coherent/ noncoherent channels, respectively. On the other hand, it is also observed [2, 3] that there is some important difference between the coherent and the non-coherent fading channels. Without receiver side CSI, the optimal signaling has a high peak-to-average ratio, and the resulting capacity approaches the infinite bandwidth limit much slower. If a further peak or fourth moment constraint is imposed on the input, the AWGN capacity may not even be reached in the infinite bandwidth limit. To understand this difference from a channel capacity point-of-view, the only clue lies in the sub-linear o(SNR) term.
In his recent work [4] , Verdu studied the 2nd order Taylor expansion of the capacity expression, for SNR near 0.
This can be viewed as one specific way to study the sub-linear term of the capacity, scaling it with a factor of SNR 2 . The thereby developed notions of "first and second order optimality" are quickly being adopted, since they provide a clear distinction between the performance of the coherent and the non-coherent channels.
The goal of this paper is to study the effect of channel coherence on the capacity and the signaling. Intuitively, if a fading channel changes over time slowly, typical in indoor wideband systems, it is possible to estimate the channel and achieve a performance close to that of the coherent case, even if the channel is not known in the first place. Thus, depending on the coherence time, there is a continuum between the coherent and the non-coherent extremes. 
II. Main Results
To be specific, we study the flat block fading channel. In each symbol time, one scalar symbol is transmitted, distorted by a multiplicative fading coefficient and the additive Gaussian noise. The fading coefficient is assumed to remain constant for a coherent block of l symbols, before changing into an independent realization. The channel within each coherent block can thus be written as
where y, x, w ∈ C l , and h ∈ C is the fading coefficient in that block. The parameter l can be interpreted as the coherence time of the channel. We write∆(SNR)
. In contrast, for the non-coherent channel with any fixed block length l, ∆ l (SNR) SNR 2 . ∆ l (SNR) can also be interpreted as the noncoherent penalty, the capacity loss due to the lack of receiver CSI. It is also directly related to the energy efficiency of the channel. Our main result can be stated as follows.
Theorem 1 For a non-coherent block fading channel with coherence time l, at low SNR, the sublinear term of the capacity satisfies
where the notation .
= means the two sides have the same SNR exponent, thus decay with SNR at the same rate.
This result characterizes the way that the capacity and the energy efficiency of the noncoherent channel increas with the channel memory. More importantly, a new approach is developed, which can be used to study more general problems, including other models of the channel time-variation, Rician channels with partial channel knowledge, the effect of peak power constraints, the performance of sub-optimal training schemes, etc. Some of such extensions are included in the journal version of this paper [5] .
